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Abstract: In this investigation, the effect of steaming on the water vapor diffusion coefficient of poplar wood (Populus nigra L.) was
studied. Boards with dimensions of 50 × 50 × 150 (W × H × L) mm3 and average moisture content of 12% were steamed at temperatures
of 120, 140, 160, and 180 °C for 1, 2, and 3 h. The diffusion coefficients were then measured based on Fick’s law of diffusion in steadystate conditions using the cup method. Results showed that the steaming of poplar wood at all mentioned temperatures can decrease
the water vapor diffusion coefficient. However, no further improving effect was caused by increasing the steam temperature or duration.
Some significant wood anatomical and chemical changes like cell wall collapse and holocellulose hydrolysis give some explanations for
the improving effect of steaming on the diffusion coefficient. Overall, steaming at temperature of 120 °C for 1 h as the best treatment is
recommended to modify the water vapor diffusion coefficient.
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1. Introduction
Wood as an engineering material is diffusive to vapor
and this property restricts it from being used for some
specific applications, such as the long-term storage and
carriage of some food stuffs and toxic materials. The
water vapor diffusion coefficient of wood is also involved
in many industrial operations (drying, bending, peeling,
and coating) as well as during the lifespan of wooden
structures (flooring, roof structure, wooden packaging,
and furniture). Steaming is well known as an effective
method for improving some physical properties of wood
due to its modification effects on the wood’s chemical and
porous structure (Bekhta and Niemz 2003; Tjeerdsma and
Militz 2005; Kocaefe et al. 2008; Cao et al. 2012). Rousset
et al. (2004) studied the effect of heat treatment on poplar
wood specimens (Populus robusta) with moisture content
below the fiber saturation point (FSP) before and after a
treatment at 200 °C to modify the mass transfer properties.
The results proved that the heat treatment reduces the
value of mass diffusivity due to the chemical modification
of the cell wall. Choong et al. (1999) reported that
prolonged steaming can increase the moisture diffusivities
of southern pine above and below the FSP, probably due
to changes in the extractive distribution profile. Hill et
al. (2012) studied the water vapor sorption behavior of
densified and heat-modified Scots pine (Pinus sylvestris
* Correspondence: tarmian@ut.ac.ir
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L.). The heat modification was begun at a temperature of
120 °C for 0.5 h; thereafter, the temperature was increased
to 200 °C over a period of 0.5 h. At the same time,
saturated steam was injected into the chamber and the
treatment at 200 °C continued for 3 h. Their results showed
a decline in the equilibrium moisture content of the wood
samples throughout the hygroscopic range. Studies by
Krackler et al. (2011) on the heat modification of spruce,
beech, and ash woods under nitrogen atmosphere and at
temperatures of 170 to 180 °C proved that the moisture
sorption and diffusion behavior of the wood species can
be affected by the heat modification’s hydrophobizing
effect. Pfriem et al. (2010) claimed that heat modification
can alter the unsteady water vapor sorption behavior of
maple (Acer pseudoplatanus L.) and spruce [Picea abies
(L.) Karst.]. Dashti et al. (2012) found that water vapor
diffusivity through fir wood (Abies alba L.) specimens
slightly increased as a result of presteaming of the green
wood at temperatures of 120, 140 and 160 °C for 1 h, with a
more pronounced effect observed in the case of specimens
presteamed at 160 °C. This study aimed to decrease the
water vapor diffusion coefficient of poplar wood (Populus
nigra L.) by steaming the dried wood.
2. Materials and methods
For the sampling and steaming procedure, flat-sawn
boards with dimensions of 50 × 50 × 150 mm (W × H
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(1)

where Q is the measured mass flux (kg s–1), A is the
cross section of the sample (m2), Mv is the molar weight
of vapor (kg mol–1), RH1 is the relative humidity inside
the climatic chamber (%), RH2 is the relative humidity
inside the cup (%), R is the constant of perfect gas, L is
the sample’s thickness (m), Pvs is the pressure of saturated
water vapor (Pa) at temperature T (K), and Dv is the binary
diffusion coefficient of water vapor in air (m2 s–1).
2.2. Chemical analysis and SEM studies
Optical microscope and scanning electron microscopy
(SEM) studies were applied to examine the effect of
steaming on the wood structure. For this purpose,
some transverse sections were cut from the cylindrical
specimens. For studies by optical microscope, transverse
sections of 20 to 30 µm in thickness were prepared using
a sliding microtome, and the sections were then examined
without any staining treatment. For studies by SEM,
wood blocks of approximately 5 mm in thickness were
cut, mounted on a specimen stub and coated with gold.
Chemical compositions of steamed and control specimens
were also determined. Klason lignin, acetone-soluble, and

3. Results
Results showed that the water vapor diffusion coefficient of
poplar wood significantly decreased due to steaming and
the diffusion was affected in all 12 steaming conditions
(Figure 1). The diffusion coefficient of control specimens
ranged from 1.34 × 10–9 to 1.90 × 10–9 m2 s–1. Steamed
specimens ranged from 0.14 × 10–9 to 0.59 × 10–9 m2 s–1. On
the other hand, wood resistance to water vapor diffusivity
increased by about 20.7% due to steaming. Nevertheless,
increasing the temperature from 120 °C to 180 °C and
the duration of steaming from 1 to 3 h did not have any
further reducing effect on the diffusion coefficient (Figures
2 and 3). In agreement with previous studies (Brito et al.
2008; Esteves et al. 2008; Gündüz and Aydemir 2009),
the weight of all specimens decreased due to steaming,
suggesting mechanical strength loss. In addition, weight
loss amount increased with increases in steaming
temperature and duration (Figure 4). The Table shows the
results of chemical analysis of a control specimen and that
steamed at 180 °C for 1 h. While the wood holocellulose
content decreased, both extractives soluble in acetone
and hot water increased due to steaming. These results
suggest degradation of hemicelluloses due to steaming.
Diffusion coefficient (10-9 m2s-1)

Q
L
f= D A #
# RT
(RH 2 –RH 1) Pvs (T) M v
v

water-soluble extractive contents of the specimens were
measured based on TAPPI standard methods TAPPI T
222 om-98, TAPPI T 280 pm-99, and TAPPI T 207 cm99, respectively. According to the sodium chlorite method
of Wise et al. (1946), holocellulose content was calculated.
In the holocellulose fraction the α-cellulose content was
determined with regards to the NaOH hydrolysis method
of Fengel (1980).
2.3. Statistical analysis
Statistical analysis was conducted using the SAS software
program, version 9.1. One-way ANOVA was performed to
conclude significant difference at *P < 0.05. Grouping was
then made between treatments using Duncan’s multiple
range test.
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× L) were prepared from dried poplar lumbers (Populus
nigra L.). Before steaming, the boards were conditioned
inside a climatic chamber at 20 °C and 65% relative
humidity (RH) [approximately 12% equilibrium moisture
content (EMC)]. They were then weighed before any
steaming treatment to measure any weight loss. Steaming
was applied at temperatures of 120, 140, 160, and 180
°C for 1, 2, and 3 h under a pressure of 2–3 bar inside a
laboratory steaming device (12 steaming conditions).
Three replications were run for each set of experimental
conditions. After steaming, the boards were weighed and
put into a plastic bag for 24 h to prevent checking.
2.1. Measuring water vapor diffusion coefficient
All steamed and control boards were conditioned inside a
climatic chamber to the EMC of 12% before water vapor
diffusion measurement. Two cylindrical specimens of 10
mm in length and 18 mm in diameter were then prepared
from each board along the radial direction. The lateral
surfaces of specimens were then coated using an epoxy
resin to prevent any lateral flow. The cup method was
used to measure the diffusion coefficient based on Fick’s
law of diffusion in steady-state conditions. A saturated salt
solution of sodium chloride (NaCl) was used to control the
RH inside the cup at about 75%. The prepared cups were
placed inside a climatic chamber set at 60% RH. In fact,
water vapor diffuses from inside the cup with a higher RH1
(75%) to outside with a lower RH2 (60%). The cups were
weighed every 24 h until a constant weight change was
reached. A detailed description of the used method was
given by Tarmian et al. (2011). Dimensionless diffusivity f
was calculated using the following formula:

Temperature*Steaming period (°C*h)

Figure 1. The effect of steaming at temperatures of 120, 140,
160, and 180 °C for 1, 2, and 3 h on the poplar wood diffusion
coefficient. Bars with differing letters are significantly different.
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Figure 2. The effect of steam temperatures on the poplar wood
diffusion coefficient. Bars with differing letters are significantly
different.

Furthermore, our microscopic studies revealed severe cell
collapse in the steamed poplar wood specimens, with the
severity increasing with the steaming temperature (Figures
5 and 6).
4. Discussion
In the present study, modification of water vapor diffusion
in poplar wood (Populus nigra L.) by steaming at high
temperatures was investigated. Results revealed that water
vapor diffusivity through poplar wood can be altered by
steaming. However, no further modification was obtained
by increasing the steaming temperature from 120 °C to 180
°C and the steaming duration from 1 to 3 h. These results
are in agreement with those of Rousset et al. (2004), who
reported a modifying effect on the water vapor diffusivity
of poplar (Populus robusta) using heat treatment at 200
°C. In contrast to the present study and that of Rousset et
al., Dashti et al. (2012) found that water vapor diffusivity
through fir wood (Abies alba L.) slightly increased due to
Diffusion coefficient (10-9 m2s-1)
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Figure 3. The effect of steaming duration on the poplar wood
diffusion coefficient. Bars with differing letters are significantly
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Figure 4. Weight loss (%) of the steamed poplar wood specimens.

presteaming of green wood at high temperatures. Choong
et al. (1999) also found that prolonged steaming can
increase the moisture diffusivity through southern pine
wood. These contradictory observations can be explained
by the fact that the complicated effect of steaming on the
wood diffusion coefficient depends on the wood species
(i.e. the wood porous structure), chemical modification,
and heat treatment condition. In fact, how the wood
porous structure and its chemical structure are damaged
due to the heat treatment determines the ease of fluid
migration through the wood. Chemical analysis proved
the degradation of hemicelluloses due to steaming. Since
hemicelluloses can enhance the rate of water vapor
diffusivity through wood (Siau 1984; Tarmian et al. 2011),
any reduction or destruction of the hemicellulose structure
of cell walls lowers the water vapor diffusivity rate through
the wood. Thus, the reduction effect of steaming on the
water vapor diffusivity can be explained by hemicellulose
degradation. However, the changes in the wood extractive
distribution profile due to steaming as indicated by
Choong et al. (1999) cannot be neglected. In addition, the
reduction effect of steaming on the water vapor diffusion
of poplar wood can be attributed to the wood’s porous
structure modification via the wood cell collapse. Wood
cell collapse as a result of steaming was also reported by
several previous studies (Chafe 1990). The cell cavities
as well as the pit pores may be completely closed due to
the collapse, indicating a highly impermeable condition.
Damage of the pit membrane and pit torus due to steaming
was also reported in previous research (Zhang and Cai
2008; Dashti et al. 2012). On the whole, the degradation of
holocellulose and severe cell collapse may contribute to the
decreased water vapor diffusion rate. Thus, further study
on the effect of such steaming methods on poplar wood
strength is suggested. Since increasing the temperature
and duration of the steam had no significant effect on the
wood diffusion coefficient, steaming at 120 °C for 1 h is
recommended to modify the water vapor diffusion.
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Table. Chemical composition of control poplar wood specimen and that steamed at 180 °C for 1 h.
Extractives soluble Extractives soluble
in acetone (%)
in hot water (%)

Wood type

Lignin
(%)

Holocellulose
(%)

α-Cellulose
(%)

Hemicellulose (holocelluloseα-cellulose) (%)

Control specimen

3.32

3.14

23.95

76.82

74.30

19.74

Steamed specimen

6.084

5.26

23.71

65.08

91.66

5.43

a

b

Figure 5. Transverse sections of the control poplar wood (a) and that steamed at 180 °C for 1 h (b).

a

b

Figure 6. SEM images of the control poplar wood (a) and that steamed at 180 °C for 1 h (b).
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